This study evaluated the different amounts of 3-methacryloxypropyltrimethoxysilane (MPS) coated alumina fi ller particles on fl exural strength and wear resistance of alumina reinforced polymethyl methacrylate (PMMA) denture base. Ten mass% of alumina fi ller silanized with 0, 0.1, 0.2, or 0.4 mass% of MPS was blended with PMMA. PMMA without alumina particles served as control. Specimens were prepared for fl exural strength and wear resistance tests (n=10). Flexural strength was determined using a 3-point bending test and volume loss was measured by in-vitro 2-body wear-testing. The results were analyzed by One-way ANOVA and Tamhane's test (α=0.05). Flexural strength ranged from 95.1-117.8 MPa, while volume loss ranged from 0.038-0.160 mm 3 . Statistical analysis indicated the 0.1 mass% MPS silanized group had signifi cantly higher fl exural strength and lower volume loss than the control group. Adding alumina fi ller silanized with 0.1 mass% MPS resulted in an improvement of the fl exural strength and wear resistance of PMMA.
INTRODUCTION
Recently, there have been many materials used for denture base such as polymethyl methacrylate (PMMA) resin, modifi ed PMMA resin and nylon 1, 2) . The material most often used to fabricate denture base and denture teeth was PMMA resin. PMMA is the most commonly used material due to its good mechanical and physical properties, compatibility with oral tissue, aesthetics, ease of repair and low cost. However, some problems such as denture fracture 2, 3) and wear of the denture teeth still exist [4] [5] [6] . In order to overcome these problems, several attempts were made to modify and improve the strength and hardness of the PMMA [7] [8] [9] [10] . These attempts included the addition of fi ller particles such as zirconia 8) , glass fi ber 9) and alumina 7, 10) . Previously, the addition of alumina into PMMA resulted in increase thermal conductivity and hardness 7, 10) . However, the improvement of mechanical properties by blending alumina into PMMA has not been yet confi rmed. By adding 5% alumina into PMMA, Alhareb and Ahmad 8) reported the increase in fracture toughness and fl exural modulus but decrease in tensile strengths. Moreover, Ash et al. 11) reported the decrease in ultimate strength. In these studies alumina particles were used without silanization resulting in poor interfacial adhesion between polymer and alumina particles. Due to the poor affi nity of surface chemistry between fi ller and resin matrix, modifi cation of fi ller surface is necessary to achieve good bonding between fi ller and resin matrix, which result in the improved strength of materials. One alternative surface modifi cation of fi ller is to use silane coupling agent to improve surface bonding with resin matrix [12] [13] . Tri-methacryloxypropyl trimethoxysilane (MPS) is a dominant silane coupling agent used in dentistry to modify the surface of silica and glass fi ller blended with resin matrix [12] [13] [14] . The silane coupling agent adsorbed on the fi llers creates bi-layer, chemisorbed and physisorbed silane layers 15) . The chemisorbed silane is absorbed on the surface via covalent bond. The physisorbed layer is a loosely bound layer over the chemisorbed layer by hydrogen bond and van der Waals force among silane coupling molecules. The physical and mechanical properties created by different layer of silane depended on the nature of the silane deposited on the fi ller surfaces; for example, amount of coupling agent, pH, rate of hydrolysis and condensation, and drying condition used in silanization. To date, the amount of MPS, covering silica fi ller in providing optimal mechanical properties of component was quite clarifi ed 13, 16) . However, there are no studies concerning the amount of MPS on alumina fi llers on the fl exural properties and wear resistance of the alumina-reinforced PMMA.
Therefore, the purpose of this study was to evaluate the effects of different MPS amounts treated on alumina fi ller particles on the fl exural properties and wear resistance of alumina-reinforced methacrylate denture base. The null hypothesis was that there would be no differences in the fl exural properties and wear resistance of methacrylate denture base materials reinforced with various amounts of MPS on alumina.
MATERIALS AND METHODS

Silanization of alumina particle
Spherical-shaped alumina particles with a diameter ranged from 18-23 μm (AH35-2, MICRON, Himeji, Hyogo, Japan; surface area of 0.36 m 2 /g) was selected as a fi ller. The fi ller particles were silanized with MPS (KBM 503, Shin-Etsu Chemical, Tokyo, Japan). The amounts of MPS used in this study were 0, 0.1, 0.2 and 0.4 mass%. The 0.1 mass% of MPS was expected to create monolayer of silane coating on the fi ller surface based on Arkle's equation 17) as follows:
Amount of silane (g)= Amount of fi ller (g) × Surface area (m 2 /g) Minimum coating area of silane coupling agent (m 2 /g) where, the minimum coverage area of MPS is 314 m 2 /g. One hundred milliliter of ethanol aqueous solution (70 vol%) was prepared using 99.8 vol% ethanol (Carlo erba, Rodano, Milano, Italy) and deionized water, and adjusted to pH of 4.5 by titrating with 99.9% acetic acid (Carlo erba, Milan, Italy) using a pH meter (ORION 420A, Orion Research Inc., Boston, MA, USA). Then, 0.1, 0.2, or 0.4 g of MPS was added respectively into the ethanol aqueous solution, and stirred. This MPS solution was stored in a 100 mL polyethylene cup with a cover, and allowed 5 min for hydrolysis and silanol formation. Then, 100 g of alumina fi ller particles were added into each MPS solution. The mixture was stirred until the solution was completely evaporated, and left dried at room temperature for 14 days 13) . Alumina particle without this silanization was used as the 0.0 mass% MPS group.
Silicon deposition analysis
To elucidate the effectiveness of silane deposited on the alumina fi ller, a scanning electron microscope (SEM, JSM-5410LV, JEOL, Tokyo, Japan) with energy dispersive spectrometer (EDS) was used to detect silicon (Si) on the surface of alumina fi ller. Prior to the energy dispersive spectrometer analysis, some amounts of all of the silanized and non-silanized groups were washed with tetrahydrofuran (THF, Carlo erba, Rodano, Milano, Italy). This procedure was repeated until THF supernatant showed only absorbance peak at 250 nm on spectrophotometer (Nicolet Evolution 500, Thermoelectron Corp., WI, USA). Both alumina particles before and after THF washing were analyzed by EDS. A thin layer of carbon was vapor-coated onto the surface before analyzing. The primary electron beam energy was operated at 20 keV. The electron beam spot on the specimen with a collection time of 100 s was used.
Specimen preparation for 3-point bending and wear tests
A heat-polymerized PMMA (Triplex hot, Ivoclar Vivadent AG, Schaan, Liechtenstein) was used as the PMMA base. The alumina fi ller prepared in the abovementioned manner was mixed with the PMMA base to be 10 mass% using a sun-and-planet movement mixer (Non bubbling kneader, NBK-1, Nippon Seiki, Tokyo, Japan). Bar-shaped (65×10×2.5 mm) and square-shaped (10×10×2.5 mm) wax patterns were prepared for 3-point bending and wear tests, respectively. Specimens for tests were fabricated following a conventional compressive process. PMMA-based powder and monomer were mixed at a powder/liquid ratio of 2.3/1 by weight. After the dough stage, the mixture was placed in the fl ask, pressed and heat-polymerized with long curing cycle (74ºC for 8 h). Subsequently, after the fl ask was cooled to room temperature, the specimens were defl asked and polished with silicon carbide abrasive paper from # 600, 800, 1,000 to 1,200 under running water. The specimens were immersed in 37ºC distilled water for 24 h prior to the test. Specimens of PMMA without the fi ller were also prepared as control (No fi ller group).
Three-point bending test
Flexural strength and modulus were determined by a 3-point bending test using a universal testing machine (Instron 8872, Fareham, UK) at a crosshead speed of 5 mm/min and with a support span width of 50 mm, applying the load until specimen fracture. The dimensions of the specimen were measured using a digital micrometer (minimum reading: 0.001 mm, Digimatic Micrometer, Mitutoyo Corp., Kanagawa, Japan) before the test. 
Wear test
An in-vitro 2-body wear-testing apparatus based upon a rotary pin-on-disc design 6) was used to determine the wear resistance. The fi ne fi nishing stone bur (micro grained aluminum oxide grit: Dura-White ® Stones, Shofu, Kyoto, Japan) (diameter 3 mm) (Ra 2.28 μm) was used as the antagonist. The antagonist was vertically loaded with 15 N and undergone 10,000 cycles at 1,000 rpm on the specimen surface without lateral movement. No chemical or abrasive medium was used during the wear testing. All wear tests were performed at room temperature with continuously fl ow of distilled water through the specimen. After the wear test, the specimen was removed from the apparatus, and the surface was cleaned with distilled water. The volume loss of each specimen was measured using a profi lometer (TalyScan 150, Taylor Hobson Ltd., Leicester, UK). A contact stylus gauge was used to analyze wear trace. The instrument scans at a speed of 3,000 μm/s with a reading interval 
Microstructure observation of the surfaces after test
Surface texture of the fracture and wear surfaces of 3 specimens of each group after gold sputtering were observed using the SEM at an acceleration voltage of 15 keV.
Statistical analysis
Flexural strength, fl exural modulus and volume loss were analyzed by One-way analysis of variance (ANOVA) and Tamhane's test was used for comparing all groups by statistical software (SPSS ver. 18, IBM, New York, NY, USA). Statistical signifi cant level was set at α=0.05.
RESULTS
From silicon deposition analysis, Si was detected in all silanized groups, but not in non-silanized group ( Table  1 ). The amount of detected Si increased with an increase of MPS. The amount of detected Si decreased after THF washing, and these values were almost constant regardless of MPS amount. The fl exural strength, fl exural modulus and volume loss are summarized in Table 2 . Flexural strengths ranged from 95.1 to 117.8 MPa. The fl exural strength of 0.1 mass% MPS was signifi cantly greater than those of No fi ller and 0.0 mass% MPS. The fl exural moduli ranged from 3.09 to 3.89 GPa.
Volume loss ranged from 0.038 to 0.160 mm 3 . The volume loss of groups with alumina fi ller was signifi cantly smaller than that of No fi ller group. Among the groups with alumina fi ller, the volume loss of 0.0 mass% MPS group was signifi cantly greater than the others.
The SEM images of surfaces after the 3-point bending test and wear test are shown in Fig. 1 . Fracture surfaces of No fi ller showed cohesive fracture of PMMA beads. Exposures of alumina fi ller with the gap between the alumina and PMMA were observed in 0.0 mass% MPS group (Fig. 1B) , but alumina fi ller particles covered with resin were observed in 0.1, 0.2, and 0.4 mass% MPS groups. Gaps between alumina particles and PMMA were not observed in all the silanized groups. The worn surfaces of the wear test specimens showed circular wear trace, which was created by the antagonist rotation. In No fi ller group, deep wear traces and some cracks were clearly observed. Shallow wear traces with exfoliated alumina particles (arrow head) and reducing of wear at the fi ller area (arrow) were observed in 0.0 mass% MPS group (Fig. 1G) , while shallower wear traces without exfoliation of alumina particles and some cracks were observed in 0.1, 0.2, 0.4 mass % MPS groups (Fig. 1H-1J ).
DISCUSSION
The present study evaluated the effects of different MPS amounts used as a coupling agent of alumina fi ller particles on the fl exural properties and wear resistance of alumina-reinforced methacrylate denture base. Statistic analysis revealed signifi cant differences in the fl exural strength and wear resistance. Therefore, the null hypothesis that there would be no differences in the fl exural properties and wear resistance of methacrylate denture base materials reinforced with various amounts of MPS treated on alumina fi ller particles was rejected.
In this study, the fl exural strength and two-body wear resistance of the PMMA containing alumina fi llers treated with MPS have been used to investigate the adhesion between PMMA matrix and silanized alumina fi ller particles. Spherical-shaped alumina was selected in order to avoid the interlocking effect from other shapes of fi llers. By using spherical fi ller particles, the fracture line will run through the least resistance plane during applying load. There are various types of silane coupling agents available; however, MPS was selected based on its solubility parameters for methyl-methacrylate (MMA) 18) and PMMA bonding. The silanization technique used in the present study followed the previous studies 13, 19) . This wet technique was chosen because of easy manipulation and uniform coverage of fi ller particles. According to the results of silicon deposition of silanized alumina fi ller, Si was detected after THF washing. Therefore, it was suggested that MPS effectively reacted with alumina fi ller.
Amounts of MPS were selected based on the Arkle's equation 17) , which were the minimum amount to create chemisorbed monolayer of MPS on alumina particle and double and four times of the minimum amount. The 0.1 mass% MPS represented the monolayer of MPS coated on alumina fi ller particles. However, from the results of silicon deposition on the alumina fi ller particles, the amount of Si of 0.1 mass% MPS before THF washing was slightly greater than those of silanized alumina after THF washing. This suggested that the amount of 0.1 mass% for the alumina particles in the present study was adequate to create only the chemisorbed monolayer of MPS. The detected amount of Si before THF washing did not proportionally increase with an increase of MPS. The reason of this fi nding was that EDS mainly analyzed the surface within a certain depth. If the alumina particle was analyzed using, for example, organic element analysis, the detected amounts of Si should be proportional to the MPS amounts used in silanization 13) . Nevertheless, the detected Si amount before THF washing increased with an increase of MPS, and that after THF washing was almost constant regardless of MPS amount. These results indicated that the alumina surface in 0.2 and 0.4 mass% MPS groups consisted of not only chemisorbed but also physisorbed MPS.
The fl exural strength of 0.0 mass% MPS group was slightly greater than that of No fi ller group, but not signifi cantly different. This result supported the previous reports that only adding alumina did not improve mechanical properties of PMMA 8, 11) . According the fracture surface of 0.0 mass% MPS, exposure of alumina fi ller were observed. The lack of interfacial bonding between fi ller and matrix resin do not contribute to the improvement of mechanical properties but deteriorate. Regarding the MPS amounts on silica fi ller in the composite resin, the MPS amount did not signifi cantly infl uence the fl exural strength 13) , which showed different trend with the present results. This might attribute to the different in nature of matrix. The differences between solubility parameter [(cal/cm 3 ) 1/2 ] of MPS according the manufacturer's information (9.48) and urethane dimethacrylate (5.18) 20) used in the previous study was greater than between MPS and MMA (8.75) 18) in this study. Moreover, silane absorbed on Al2O3 in aqueous solution was weaker than SiO2 21) . It was hypothesized that failure in the previous study might occur in physisorbed or interpenetrating network layer 13) . Therefore, using SiO2 as substrate did not show signifi cant effect on the silane amount 13) . The alumina surface of 0.1 mass% MPS group covered with monolayer of MPS had higher in both fl exural strength and fl exural modulus as compared with the other silanized groups, but not statistically signifi cant. It could be hypothesized that only chemisorbed layer in 0.1 mass% MPS group created covalent bond with alumina substrate and/or interpenetrated network with MMA using organo-functional group based on the solubility parameter of MPS and MMA 18) . This orientation will promote the strong bond between alumina particles and PMMA resulting in the higher fl exural strength.
From the EDS analysis, there was Si on alumina surfaces in all silanized alumina fi ller groups. This confi rmed that MPS was deposited on the alumina surfaces. Si in after THF washing groups was lower than non-THF washing groups. This attributed to the elimination of the excess amount by THF washing 13) . From Arkle's equation, the 0.1 mass% of MPS in this study refl ected the monolayer coverage which created only chemisorbed silane. This was confi rmed by the same amount of Si on before and after THF washing. The excess amount over monolayer in 0.2 and 0.4 mass% of MPS groups resulted in physisorbed silane which may be the susceptible layer for hydrolysis. In the 0.0 mass% MPS group, the fl exural properties were low due to no bonding between fi ller and resin matrix. This result was in accordance with the previous studies 10, 14, 16) which suggested that fi ller particles should be silanized effectively to reinforce PMMA.
The fl exural modulus represents the stiffness or rigidity of a material within the elastic range. From the result of this study, the modulus values were higher in the silanized alumina-reinforced PMMA resin groups, while no reinforcement in the 0.0 mass% MPS group was shown. Providing that the fi llers were well dispersed with good bonding to the matrix, the additional of silanized fi llers resulted in strengthening the whole structure. The excess amount over monolayer on fi ller particles resulted in less rigidity of the structure, which may be attributed to the physisorbed silane 22) . In addition, the bonding between silanized alumina and PMMA was observed by SEM on the fracture surface. SEM images showed gap between the alumina fi ller and resin matrix in the 0.0 mass% MPS group. This is in agreement with several previous studies which suggested that using silane coupling agents as surface treatment could promote adhesion between inorganic surfaces and polymeric molecules 13, 15, 16, 19) . Volume loss of all silanized fi ller reinforced PMMA groups was signifi cantly lower than that of the others. But there were no signifi cant effects of MPS amount on wear resistance. Additionally, SEM image of wear surface in the 0.0 mass% MPS group showed the reduction of wear at the fi ller area and the exfoliation of the non-silanized alumina fi ller particles-reinforced PMMA (Fig.1G) . The PMMA containing non-silanized alumina fi ller particles was the weakest among the groups containing fi ller, since the chemical interaction between the fi ller and resin matrix is only Van der Waals' force and hydrogen bonding. Bonds are much stronger, with the concomitant improvement in the mechanical properties, for PMMA containing silanized alumina fi ller 10) . This also reduces the incidence of fi ller exfoliation during abrasion. Comparing between reinforced and non-reinforced alumina fi ller in PMMA, the abrasive process might be interrupted by the alumina fi ller reinforcement in the PMMA, which resulting in reduction of wear in the resin matrix. The less volume loss shown in silanized alumina groups supported the previous studies which suggested that the addition of fi ller particles to the material can improve its wear resistance only if the particles are wellbonded to the resin matrix 22, 23) . From the result of this present study, it might suggest that monolayer of silane is adequate for improving the fl exural properties and wear resistance of alumina fi ller reinforced PMMA. The result of this study may be benefi cial in clinical application due to the reduction of denture damage by the improvement of the fl exural properties and wear resistance of PMMA by using alumina reinforcement.
CONCLUSION
Within the limitations of this study, it could be concluded that the 0.1 mass% of MPS silanized on alumina fi ller was adequate for improving the fl exural properties and wear resistance of alumina reinforced methacrylate denture base.
